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ABSTRACT

Author: Tsai, Jung-Ting. MS
Institution: Purdue University
Degree Received: August 2018
Title: Integrated Structural Monitoring of Composite Materials via Distributed Optical Sensor
Measuring the strain history in pre-impregnated thermoset composites during the curing process
provides valuable data for manufacturing specification development, quality control, diagnostics
of dimensional stability, and validation of cure models. Unlike traditional Fiber-Bragg Gratingbased methods, the Distributed Optical Sensors (DOS) provide information along the entire optical
fiber distance (optical path length) of the sensor embedded in the laminate for strain measurement.
This study’s unique contribution to the field is the coupling of the optical sensor monitoring of
composite cure strain with models of the cure kinetics, viscosity, and glass transition temperature
of the thermoset matrix. Coupling the strain measurements to the material models facilitates
coherent comparisons between strain sensor output and thermoset material behavior during the
cure process rather than making suppositions of material behavior based on the strain measurement
alone. In this research, two laminate types were manufactured with an embedded optical sensor
from IM7/5320-1 prepreg tape; a [0]20 Unidirectional (UD) laminate and a 50/40/10
(%0°/%±45°/%90°) Structural Laminate (SL) with the optical sensor routed along three different
ply interfaces including [0/0], [45/90], and the [0/45]. The internal residual strain developed during
each stage of the thermal cure cycle is examined, including after cooling. Results show that the
local strain has variable magnitude, which depends on the ply configuration. The laminate microstructure was also investigated by optical microscopy for selected cross-sections to provide the
resin pocket geometry created by different optical sensor placements in the laminates. Lastly, a
Micromechanics-based approach was used to calculate the chemical shrinkage and the residual
strain in the UD laminate during curing and compared with the measured results from the DOS to
further validate the strain measurements. The Classical Laminate Plate Theory (CLPT) was used
to calculate the residual strain in the SL after curing and compared with the measured results from
the optical sensor.
A continuous DOS was embedded inside the SL and attached to the surface of a coupon, along
with traditional Strain Gauges (SG) and the Digital Image Correlation (DIC). The results from the
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SG and the DIC were compared to the results from the DOS. Tensile and bending tests were
performed on a notched composite laminate coupon with embedded DOS. Tensile test results show
that the SG and the DIC reading match closely with the results from the DOS at the far region of
the notch. Near the notch, the DOS was able to monitor a strain concentration during tensile and
bending tests. Finite element analysis was performed to obtain the theoretical distribution of axial
strain along the inspection lines corresponding to the locations of the physical DOS segments to
compare the theoretical and experimental strains. As the results indicate, the DOS readings agree
well with the theoretical results. The strain measurements from the DOS overcome some of the
limitations from the SG and the DIC. Therefore, it was demonstrated that a DOS system can deliver
reliable and robust continuous monitoring of mechanical strains in a composite laminate.

Keywords: optical sensors, distributed strain, out-of-autoclave prepreg, cure behavior, residual/
internal strain, composite materials, digital image correlation, strain gauge, and non-destructive
testing
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1. INTRODUCTION

Motivation
Monitoring a composite material over it’s life-cycle is challenging because many factors impact
the overall performance of the material starting from the manufacturing up to the final product.
Furthermore, a customer needs a tool to evaluate the state of the material over time to estimate the
life-cycle of a part. One of the solutions is to integrate a fiber optical sensor in the material. This
would aid the manufacturer or the end-user in obtaining quantifiable data to make an informed
decision to replace or fix the part. As technology progresses, a recent development in the
Distributed Optical Sensor (DOS) allows for monitoring of the strain gradients externally on the
material and internally inside the material. The proper application of a DOS to monitor the
composite material life-cycle requires a thorough understanding of its functioning aspects. Based
on the literature review [1-3], embedding a DOS in a composite material is a relatively new branch
of study as compared with the traditional Fiber Bragg Grated (FBG) sensors. Using a DOS to
monitor the curing process has not been researched extensively. Therefore, the motivation of the
current thesis is summarized in the following three points:
1.

Validate that an optical sensor can function accurately during and after the manufacturing
process.

2.

Investigate the application of a DOS to cure strains and mechanical strains monitoring in a
composite material.

3.

Evaluate if DOS sensors provide functionality to overcome some of the limitations of the
other measurement techniques such as Strain Gauges (SG) and Digital Image Correlation
(DIC).

Addressing the abovementioned focus points will increase the confidence in using Distributed
Optical Sensors for monitoring the manufacturing process and performance of composite materials.
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Objectives
Based on the motivation, strain monitoring was performed during the curing of the composite and
was continued in mechanical testing. It is imperative to interpret and verify the measurements from
the DOS in the composite laminate.
First, process-induced strains in a Unidirectional (UD) laminate and Structural Laminate (SL) were
analyzed:
⚫

Measured cure-induced strains were compared with the theoretical results

⚫

Measured residual strains were compared with the theoretical results

Second, mechanical strains in a structural laminate were analyzed:
⚫

Accuracy of a DOS reading was verified by comparing the far-field strain in an open-hole
tension (OHT) coupon with the strain data obtained from the strain gauge and DIC

⚫

Measured the strain gradient near the notch of an Open-Hole Tension (OHT) coupon and
compared the measurement with the theoretical results

⚫

Measured the strain gradient near the notch of an Open-Hole Bending (OHB) coupon and
compared the measurement with the theoretical results

Thesis Organization
This thesis is organized as shown in the schematics of Table 1- 1. A literature review is presented
in Chapter 2. The material properties, sample preparation, and preliminary work are discussed in
Chapter 3. The results are presented in the foregoing chapters. Chapter 4 discusses the cure strain
monitoring, wherein the cure shrinkage and residual strains in the UD laminate and SL are
investigated. Chapter 5 contains the experimental and complementary theoretical strain analysis
near the notch of an open-hole tension specimen. Chapter 6 investigates the strain distribution near
the notch of a SL coupon in four-point bending both experimentally and theoretically to support
the DOS-measured data. Finally, Chapter 7 is the summary.
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Table 1- 1 Flow chart
Chapter 2 State of the art

Chapter 3 Manufacturing process

• DOS review
• Cure-induced strain
• Mechanical strain

• Material and equipment
• Sample preparation
• Preliminary work

Chapter 4 Cure strain monitoring

Chapter 5 Mechanical strain
montoring for Structural Laminate in
OHT

UD Laminate & Structural Laminate:
• Cure shrinkage
• Residual strain

Chapter 6 Mechanical strain
monitoring for Structural Laminate in
OHB
• Mechanical properties in Open Hole
Bending (OHB)
• Strain gradients at the notch

• Mechanical properties in Open Hole
Tensile (OHT)
• Strain gradients at the notch

Chapter 7
Summary
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2. STATE OF THE ART

Distributed Optical Sensing
A Distributed Optical Sensor (DOS) can be classified by the sensing technique it utilizes, such as
Rayleigh scattering, Raman scattering, and Brillouin scattering [4], which refer to a certain
combination of wavelength and frequency shift. The Rayleigh scattering corresponds to the
strongest intensity range among all three and unlike the inelastic Raman and Brillouin scatterings,
Rayleigh scattering is elastic and statically fluctuates along the distance. Elastic scattering allows
it to obtain a linear output from a proportional input power. This provides the advantage of
detecting the deformation of heterogeneities of the materials since the proportional response is
easier to interpret. Traditionally, Optical Time Domain Reflectometry (OTDR) has been employed
to acquire and analyze the data from the scattering mechanisms in a telecom field. OTDR
technology is limited by a spatial resolution of 0.1 to 1 m, which produces the corresponding
attenuation of the output wavelengths. The uncertainty of measurements and low resolution
inherent to OTDR does not make it a suitable choice for the health monitoring of composite
structures. Optical Frequency Domain Reflectometry (OFDR) was developed to overcome the
spatial resolution limitations of OTDR. OFDR’s high spatial resolution of 1 micrometer allows the
sensor to be more accurate during monitoring. Distributed optical sensing relies on the detection
of the Rayleigh scattering from the OFDR, which allows a more efficient and accurate
measurement for strain and temperature. Hence, using the DOS provides a high spatial resolution,
flexible application to structural components, use of commercially available glass fiber, high
measurement sensitivity, and simultaneous detection along the entire sensor distance [5-9].
The fiber sensors are small, lightweight, resistant to electromagnetic interference, and can be
embedded inside or attached to the surface of any material. Figure 2-1 (a) shows a cross section of
an optical fiber sensor, which consists of an inner-core, cladding, and the coating. The inner-core
and cladding have different reflection coefficients to prevent wave refraction which causes the
signal to attenuate. The coating also increases the flexibility of the sensor, allowing it to conform
to complex curvatures. Figure 2-1 (b) shows the top view of a Distributed Optical Sensors (DOS)
which has a diameter of 155 μm. DOS have no grating, instead they use the internal flaws in the
sensor material formed during production to create measuring points along the continuous distance
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of the fiber. Figure 2-2 schematically shows the distribution of defects along the length of the
optical fiber in undeformed and deformed configurations [5]. The defects act as distributed strain
gauges which can experience different local deformations, therefore reporting local stretches and
contractions such as (Λ1 − Λ 0 ) shown in Figure 2-2. A local deformation leads to a shift in an
optical frequency spectrum registered by OFDR.

(a) The DOS cross-section

(b) The top view of the DOS

Figure 2-1 SEM images of the DOS

Figure 2-2 The DOS stretch mechanism [5]

6
One of the prominent advantages of using optical sensors is to monitor the strain in composite
structures. Obtaining the strain from the OFDR data, however, is a complex feat. As shown in
Figure 2-3, an input wavelength, which is introduced by the tunable laser is separated into a
measurement and reference path [5]. The input wavelength travels into the measurement path
which later receives the reflection of the wavelength from the sensor. The wavelength is then again
combined with the reference path at the coupler. The combined signal then goes through the beam
splitter which split the light into orthogonal states, which are recorded in S and P detectors. To
calculate the magnitude of the strain or temperature, a comparison of the measured and reference
states is performed. As Figure 2-4 shows, the amplitudes of the reference and measurement paths
are plotted using a complex Fourier transformation. However, an inverse of the Fourier
transformation must be calculated to give the distinct location of the signal along the distance. The
position of a defect (e.g. a local gage length) in the optical sensor is then cross-correlated using a
calibration coefficient to obtain the local strain and temperature values. This process is continued
throughout the entire path of the optical sensor. Thus, the final strain distribution can vary with the
thermal history or the deformation along the path of the DOS.

Figure 2-3 Basic OFDR optical network [5]

Figure 2-4 The Rayleigh scattering
measurement [5]
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Monitoring of Cure-Induced Strain
Out-of-autoclave (OOA) methods, such as Vacuum Bag Only (VBO), were previously studied
heavily and developed in academia and in the industry [10]. VBO utilizes a regular oven with a
vacuum pump instead of an autoclave, and the advantages of using VBO are in less processing
steps and less tooling costs. However, one disadvantage of the VBO process is the porosity (voids)
impacting the quality of a laminate, as discussed by Grunenfelder and Nutt [11]. The voids come
from the low-pressure inherent to the VBO process; in addition, the void content increases with
the increasing moisture levels. For this reason, it is of interest to embed the DOS in an out-ofautoclave (OOA) prepreg material and understand the cure process related phenomena.
Thermoset material behaviors during the cure process has been extensively studied throughout the
years [12-15]. Several experimental methods such as gravimetric, epoxy film attached onto metal
plate, or modified rheology have been used to measure the Chemical Shrinkage (CS) and
Coefficient of Thermal Expansion (CTE) during epoxy cross-linking [16]. However, these test
methods can be tedious and redundant for on-site quality control. One of the solutions is to embed
a fiber optical sensor and monitor the strain field during the manufacturing process. This can
potentially signify part deformation due to the onset of cure, when the matrix material is fully
cured, and identify other events during the cure which directly relate to final part quality.
The wide range of fiber optical sensors for structural monitoring can be found in aerospace,
automotive, infrastructure, pressure vessels, sports and wind turbine industries [1, 2]. Embedding
optical fibers in structural composite materials provides a straightforward method to monitor the
curing process. Several review papers have previously discussed the application of optical sensors
in structural materials [3, 4, 17] where most studies have focused on Fiber Brag Grating (FBG) to
monitor the curing shrinkage and stiffness change in the composite plies [18, 19],[20]. For example,
Minakuchi [18] monitored the curing process of unidirectional laminate, symmetric cross-ply
laminate, and fabric laminate with FBG sensors embedded in parallel and perpendicular directions
to the fiber direction in the plies. Kang, Kang [19], developed a process to monitor the directiondependent cure shrinkage of a unidirectional laminate in an autoclave. Yoo, Han [20], simulated
the curing process of a carbon/epoxy composite using embedded FBG and further validated with
a finite element model.
Furthermore, optical sensors can monitor the thermal residual strain after final cooling. One
concept in the literature to eliminate the residual stress, involves utilizing a pre-stress process
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applied to the composites to decrease the residual strain. The FBG monitored the entire process
from the pre-stress stage to the final stage. The results showed that the residual strain was reduced
to near zero [21]. In addition, Tavakol, Roozbehjavan [22] showed that the CTE mismatch between
the tool and the laminate can trigger a buildup of an uneven residual-strain in the laminate during
cooling. Apart from the manufacturing related considerations, Takeda [23] studied the output
wavelength from the optical sensor with the connection to the performance of the laminate
materials during mechanical testing. The sensor was embedded between the 0-degree and 90degree plies. During the tensile test, the 90-degree laminate started to delaminate, which was
captured by the FBG with a split of the wavelength. Furthermore, Guemes and Menéndez [24]
confirmed by experiment and theory that wavelength splits were caused by the transverse load
onto the laminate. The detection is limited by the grating when an FBG is used for the monitoring
of composite laminates. In other words, an optical fiber without the grating can’t detect where the
material fails.
Most of the monitoring process sensors lack the support of epoxy cure kinetic modeling. Guo,
Zhang [25] used a thermo-chemical-viscoelastic model to compare with it the FBG measurement,
although more details need to be explained within each stage of the thermal history. The detailed
high-resolution data obtained experimentally from fiber optical sensors requires the
complementary theoretical analysis to interpret and understand the local variability of sensor
readings, as the coherent interpretation of sensor readings is imperative to improve the strain
measurements. Without recognizing the epoxy curing mechanism producing the strain, many
experimental factors may be neglected without the recognition of the user. Previously, Montanini
and D’Acquisto [26] used the FBG to observe the temperature and strain changes in a glass
fiber/epoxy system. They showed by using an optical sensor that the reflection of a wave varies
under different temperatures and the temperature can be different between the layers.
The limitation of FBG may be overcome with the recent development of a Distributed Optical
Sensor (DOS) to monitor the curing process of a composite material [1]. Sanchez et. al [27] used
a DOS to monitor resin infusion, the in-situ strain development, and the resin rheology, but the
curing mechanisms were not explained extensively from the DOS readings. In discussing the
residual strain, the authors have not explained the fluctuation of the local strain reported by the
optical sensor. Arhant et. al [28] monitored the curing mechanism during the hot pressing.
Meadows et. al [29] monitored the strains in an adhesive layer in composite joint specimens with
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DOS. Notwithstanding, the use of DOS to monitor the curing mechanisms has not been thoroughly
comprehended. Therefore, the objective of this research is to interpret the results of curing
behaviors from the DOS.

Monitoring of Mechanical Strain
The idea of Structural Health Monitoring (SHM) has been widely studied and applied in many
fields. Acoustic emission, electromagnetic testing, thermal testing, or radiographic testing are
among the many techniques used to monitor the structural material performance [4]. However,
with many methods that can be applied, there are advantages and disadvantages for every
technique. Take Strain Gauges (SG) for example. The advantages are low-cost and easy
accessibility. However, SG are restricted measure surface strain, can’t be used during composite
cure processes, and can only measure strain at discrete points. Therefore, use of SG on large
structures requires extensive infrastructure is limited to mechanical strain measurements.
One of the ways to overcome this predicament, is to utilize an optical sensor as an alternative. The
optical sensor can be attached on to the material or embedded in the structure during manufacture.
The optical sensor can then monitor the deformation of the material. Several researches previously
focused on mechanical testing to validate the readings from the optical sensors responding to the
deformation of the material [8, 30-35]. The most widely used optical sensors utilize Fiber Bragg
Grating (FBG). For example, Zhang, Zhou [32] used an FBG embedded inside of the
[0/90/45/45/0/0/-45/-45]s laminate, and a comprehensive monitoring of strains starting from the
cure process through the mechanical testing was performed. It was observed, that the wavelength
from FBG changed with increasing loading which matched closely with the data from the strain
gauges in the tensile and bending tests. In addition, Montanini and D’Acquisto [36] have done
static and dynamic four point bending tests which were performed on the glass fiber reinforced
plastic (GFRP). The results showed that the Fiber Bragg Grating measurement was within 2% of
composite laminate plate theory calculations.
The sensitivity and the accuracy of the optical sensors provide advantages to many applications.
One of the applications was reported by Haroglu, Powell [31] who used a polymer optical fiber
developed for automotive seat occupancy sensing. They tested the optical sensor under bending
and tensile loading with different optical sensor diameters. In addition, the performance of a
polymer optical fiber was studied in quasi-static and dynamic tests with various bending angles
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[30]. The results of the studies allowed them to control the airbag pressure by using an optical
sensor for the safety of the passenger.
FBG sensors can also monitor the stress concentration at the notch tip. Peters, Studer [34] used an
electronic speckle pattern that was applied on the surface to further validate the results detected by
the FBG sensors. This demonstrated the capability of the optical sensors for the measurement of
strain concentrations.
More complex structures were also manufactured with FBG sensors embedded inside, such as an
L-shaped composite part with an FBG sensor put in the curved region [33] prior to mechanical
testing. The theoretical model was developed by the authors to support the experimental findings.
The monitoring results provided the data which allowed them to improve the manufacturing
process. However, FBG sensors are limited by the grating, since it is expensive to make multiple
gratings throughout the optical sensor.
Recent developments have advanced the optical sensor monitoring capabilities to overcome this
obstacle. Bussières, Martinez [8] used a DOS which was embedded in a thermoplastic composite
panel to monitor the strain. The optical sensor was composed of silica glass and was doped with
impurities along the length. This gave a continuous strain reading throughout the sensor length. A
bending test was conducted with strain gauges to verify the DOS readings. A finite element
analysis was utilized to support the experimental data obtained from the DOS. Thus, it has been
shown that a DOS provided continuous strain measurement along the sensor path.
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3. MANUFACTURING OF COMPOSITE MATERIAL SPECIMENS
WITH DISTRIBUTED OPTICAL SENSOR

In this chapter, three sections are presented. First, the original material properties that are used in
this research are discussed. Second, the steps of embedding a DOS in the laminate are outlined.
Finally, preliminary work to avoid uncertain data acquisition is described. This information would
aid people to monitor the correct strain results, prevent unnecessary damage to the DOS system,
and increase manufacturing efficiency.

Materials and Equipment
In this section, material information is provided according to the technical data sheet from the
manufacturer. The engineering constants will be used as an input to the theoretical analysis and
thus compared with the experimental results for later validation.

Materials:
The prepreg material is composed of Cytec epoxy 5320-1 [37] and Hexcel carbon fiber IM7 [38].
The carbon fiber properties and the laminar properties are listed in Table 3- 1 and Table 3- 2 [39].
The properties of the carbon fibers were assumed to be transversely isotropic and consistent
throughout the thermal history [40, 41]. The DOS spec and the interrogate apparatus [5] are list in
Table 3- 3 and Table 3- 4.
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Table 3- 1 Carbon fiber properties
Material constants

value

E11f (GPa)

275

E22f (GPa)

15

G12f (GPa)

26

ν12f

0.26

ν23f

0.26

νm

0.36

ff

0.6

fm

0.4

α11 (10-6/℃)

-1.5

α22 (10-6/℃)

5

Table 3- 2 Laminar engineering properties
Stacking sequence: [45/0/0/-45/90/45/0/0/-45/0] s

Value

E11Avg (GPa)

132.5

E22Avg (GPa)

9.5

ν12

0.33

G12 (GPa)

4.95

α11 (10−6/℃)

0.5

α2 (10−6/℃)

25
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Table 3- 3 The Distributed Optical Sensor (DOS) operating details
Parameter

Specification

Units

Sensor Material

High-Definition (HD) Sensor

Fiber

Polyimide coated

Connector

High Temperature LC/APC

Termination

304 Stainless steel

Dimensions
Sensing Length-SL

1,2,3,5,10

m

Termination Length

1

cm

Sensor Diameter

155

um

Minimum Bend Radius

10

mm

Maximum Operating
Temperature Sensing Region

220

℃

Minimum Operating
Temperature Sensing Region

-40

℃

Maximum Operating
Temperature Connector

150

℃

Minimum Operating
Temperature Connector

-60

℃

Performance

Table 3- 4 The basic type of DOS that is used in this research
HD

S

01

LC

220

HighDefinition
(HD)

Strain or
temperatureS,T

LengthMeters

Connector
typeLC/APC

Maximum

P

Coating-(P)
Temperature- ℃ Polyimide

Each DOS should have the same abbreviation: HDS01LC220P
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Table 3- 5 The Equipment for the interrogator’s technical data and the DOS system
Parameter
Mode of Operation

Specification

UNITS

23.8

100

Hz

Maximum Sensor Length

10

10

m

Gage Length

1.3

5.2

mm

Range

10000

10000

με

Resolution

<1

<1

με

Accuracy

30

25

με

Measurement PerformanceTemperature

-40~220

-40~220

℃

Data Acquisition Rate

23.8

100

Hz

Data Processing Rate

1.25

5

Hz

Sensor Configurations

Measurement Performance- Strain

Data Acquisition/ Processing rate

The interrogator used in this research can either be operated in the 23.8 Hz or 100 Hz mode (Table
3- 3 and Table 3- 5). The 23.8 Hz interrogator can acquire strain data at a higher resolution along
the sensor length compared to the 100 Hz interrogator. Generally, the choice of the interrogator
type depends on the material volume, which must be monitored. For instance, if the material
volume is large (e.g. in the large-scale structures), the 100 HZ interrogator would be the best option
to avoid too much data acquisition. On the other hand, if the material volume is a small (e.g. plates
and tools), the 23.8Hz interrogator could provide a more extensive data acquisition. In this case,
the 23.8 HZ type mode interrogator was used as recommended by the manufacturer.
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Manufacturing Methods for Unidirectional and Structural Laminates with
Embedded DOS
In this section, the sample preparation for both the UD laminate and SL are discussed. Some unique
steps of the DOS embedment along with the conventional steps are discussed.
3.2.1 Material Preparation
The unidirectional prepreg material was cut into 5’’ x 5’’ plies and 12’’ x 2’’plies with various
laminar orientations. The plies were laid-up into the UD laminate [0]20, (5’’x5’’) and the SL [ 45 /
0 / 0 / -45 / 90 / 45 / 0 / 0 / -45 / 0] s, (12’’ x 2’’). The design patterns of the DOS circulate in the
laminates are shown in Figure 3-1 (a) and (b). To take note, a DOS was embedded between the
[90/45], [0/0], and [45/0] plies (Optional [-45/0]) for the structural laminate (Details of the layering
process are provided in the Appendix). The sensors used in this research are either 1 meter or 2
meters long with a diameter of 155 micrometers. A small opening was slit parallel to the fiber
direction in each ply so that that the DOS can route to the next layer. After finished layering, the
laminate was then debulked for 30 minutes to ensure no air was trapped within the laminate. Also,
two k-type thermal couples were installed: one attached close to the DOS in the oven chamber and
the other was embedded within the laminate.

(a) Unidirectional (UD) Laminate

(b) Structure Laminate (SL)

Figure 3-1 Schematics of embedment of the DOS into the laminates
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The composite laminate was placed onto a 13.8’’ x 14’’ x 0.125’’ aluminum plate shown in Figure
3-2. To ensure stability, the DOS was secured with tape to the aluminum plate. The laminates were
then placed into the vacuum bag and sealed.

Figure 3-2 Top view of experiment assemble
The ingress and egress regions of the optical sensor were protected with composite tape. The
optical sensor, thermal couple, and vacuum line were routed through an open hole in the oven
chamber designed to accommodate pass-through items. Strain data was recorded using the OFDR
via an interrogator. The distributed strain data is acquired throughout the optical sensor location.
The acquisition rate was set to 23.8 Hz with gage length of 1.3mm. This system can monitor the
strain within the range of +/- 10,000 micro-strains with a sensitivity of +/- 25 micro-strains. The
thermal couple was linked to the strain box to interpret the temperature analysis. The optical sensor
signal was set to baseline before the vacuum was initiated so that no other factors would influence
the measurements. When vacuum is in equilibrium, the thermal cycle recommended by the
manufacturer was started.
After cooling, the sample was removed from the chamber. The vacuum bag, silicon rubber, release
film, and peel plies were disassembled. Extra tape was applied to protect the optical fiber at the
ingress/egress region of the laminate material.
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The thermal cycle is recorded by the two thermal-couples as shown in Figure 3-3. The temperature
of the material is lags the oven temperature during the ramp. This is because materials such as
silicon rubber and the breather insulate composite laminate and slow the heat transfer into the plies.
Therefore, the heat is not in equilibrium with the oven temperature. Also, once reaching the peak
temperature, the oven temperature was adjusting to the set temperature; the temperature bumps are
seen at the ends of the temperature ramps.

Figure 3-3 Thermal history from the thermal couples in the oven and in the material
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The UD laminate samples were made, as summarized in Table 3- 6 & Table 3- 7.
Table 3- 6 Design of experiments for UD Laminate
Specimen
No

Sensor
length
(meters)

Sensor

Teflon tube

(embedded)

Adhesive/

Rubber

Ingress/

Heat gun

Layer

Egress

(meters)
1

1

1

W/O

H

Y

Straight

2

1

1

W/O

H

Y

Straight

Precondition
sensor

Sensor
status

Material

Table 3- 7 Design of experiments for UD Laminate
Specimen

Sensor

TC

Oven

No

Configuration

1

[0/0]

2

Y

Y

Broken

2

2

[0/0]

2

Y

Y

Active

2

Control

Batch

A total number of eight structural laminate samples with embedded DOS was manufactured Table
3- 8 & Table 3- 9). The set of variable parameters is recorded in the first row. In the first column,
from specimens one to four, the parameters were changed to optimize the process for strain
measurement during cure. From Specimens five to eight shows the optimized set of parameters,
thesis specimens were used to check the repeatability of the optimized strain measurement process.
In the next section, more details will be discussed for the impact of embedding with (W) or without
(W/O) a Teflon tube, the difference between using an adhesive and heat gun to secure the sensor
to the uncured prepreg, the DOS design pattern, the thermal couple influence, and the preconditioning of the DOS.
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Table 3- 8 Design of experiments for SL
Specimen
No

Sensor
length
(meters)

Sensor
(embedded)

Teflon
tube

Adhesive/

Rubber

Ingress/

Heat gun

Layer

Egress

(meters)
1

3

1

W/O

A

N

Straight

2

2

1

W/

H

Y

Straight

3

2

1

W/O

H

Y

Straight

4

2

1

W/O

H

Y

Curvature

5

1

0.6

W/O

H

Y

Curvature

6

1

0.6

W/O

H

Y

Curvature

7

1

0.6

W/O

H

Y

Curvature

8

1

0.6

W/O

H

Y

Curvature
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Table 3- 9 Design of experiments for SL
Specimen

Sensor

No

Configuration

1

[90/45]

2
3

TC

Oven

Sensor status

Control

Pre-condition
sensor

Material

1

N

N

Active/Notch

1

[90/45]

1

Y

N

Active/Notch

1

[90/45], [0/0]

1

Y

N

Broken

1

2

Y

N

Active

1

2

Y

Y

Active

1

2

Y

Y

Active

1

2

Y

Y

Active

2

2

Y

Y

Active

2

Batch

[0/45]
4

[90/45], [0/0]
[0/45], [-45/0]

5

[90/45], [0/0]
[0/45]

6

[90/45], [0/0]
[0/45]

7

[90/45], [0/0]
[0/45]

8

[90/45], [0/0]
[0/45]
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3.2.2 Preparation Tips
There is no standard process of embedding the DOS in composite laminate materials. There are
some recommended procedures provided by the manufacturer, however the recommendations vary
depending on the sensor and the host material type. While performing the manufacturing of
composite laminates with embedded DOS (as discussed in the preceding section), it was found
that there are some alternative steps that can make the strain monitoring less noisy. Figure 3-4
shows an example of the two laminates with embedded DOS, wherein the Teflon tube was used in
one of them (shown of the left). It is recommended in the datasheet that embedded Teflon tube can
give extra protection for the optical sensor coming out of the laminate.

(a) With Teflon tube

(b) Without Teflon tube

Figure 3-4 Experiment process w/wo Teflon tube
However, it was observed that the resin flows inside the Teflon tube and agglomerates around it
during the curing process, see Figure 3-5. Besides, the use of a Teflon tube causes strain
concentration at the nearby region.

(a) With Teflon tube

(b) Without Teflon tube

Figure 3-5 The laminate after fully cured
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Figure 3-6 shows the strain distribution along the DOS at four arbitrarily chosen constant
temperatures, wherein the strain increase can be seen when getting close to the ingress/egress
region of the Teflon tube. A large strain concentration is located near the Teflon tube. The strain
decreases away from the Teflon tube at all four temperatures. Thus, the use of a Teflon tube can
impact the cure monitoring in the laminate.

Figure 3-6 Results from embedding Teflon tube (Specimen 2)
The second interesting finding is the difference between using the adhesive and the heat gun for
attaching the optical sensor into the laminate. As shown in Figure 3-6, it is convenient to use the
adhesive glue to attach the design pattern without the optical sensor moving around during the
embedment stage. However, applying adhesive glue is detrimental because the cure monitoring
will be affected by the adhesive glue.
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(a) Use adhesive

(b) Use heat gun

Figure 3-7 The difference techniques of attaching the DOS
Figure 3-8 shows four strain distributions obtained from the DOS at four randomly chosen constant
temperatures. The specimen with a DOS attached with the adhesive glue shows multiple strain
drops (highlighted with the red rectangles in Figure 3-8 ). On the contrary, using a heat gun to
attach the optical sensor onto the laminate does not result in any uneven drops of strain (Figure 36). Thus, adhesive glue should not be used for the DOS attachment on the ply if the purpose is to
monitor curing.

Figure 3-8 The location which the adhesive was applied (Specimen 1)
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Lastly, the vacuum hose is placed in the diagonal direction to the specimen with a consistent
vacuum pressure (Figure 3-8). It is suspected that changing the placement of a vacuum hose may
impact the laminate curing and the DOS reading. It has previously been reported [42] that the
vacuum pressure could influence the laminate curing behavior, although the effect of placement
of a vacuum hose has not been discussed. Therefore, the placement of the vacuum hose may be
unrelated to the strain measurement and a minor issue to the curing process. However, the DOS
can be sensitive to many factors, and it is challenging to separate the effects of each one those
factors. Throughout all the experiments, the vacuum hose is maintained in the diagonal direction
of the specimens with consistent vacuum pressure.

Figure 3-9 The specimen in the vacuum bag

29
Preliminary work
It is found that before performing any cure monitoring, it is important to pre-condition the DOS
and post-process the data. This allows for achievement of accurate monitor data.
3.3.1 Pre-Condition of Distributed Optical Sensor
The optical sensor absorbs moisture and retains residual strain during the manufacturing process
[43] [44]. A DOS was subjected to the thermal cycle from -40℃ to 200℃ to eliminate the moisture
[45]. Arhant, Meek [28] tested different polymer-coated fibers under varying humidity. It was
proven that moisture and residual strains affect the DOS readings at the customer side. One of the
solutions is to pre-heat the DOS before doing any experiment, which prevents any moisture and
alleviates residual strain in the DOS.
An optical sensor was put into the oven and subjected to two identical thermal cycles, wherein the
maximum temperature was the same as in the cure cycle for the host laminate (Figure 3-10).

Figure 3-10 Reading from the DOS along the thermal history
The strain history reported by the sensor follows closely the thermal history, as shown in Figure
3-10 for an arbitrary point taken from the DOS. During the ramp of the first cycle, the optical
sensor strain was set as the baseline, which indicates the starting point near zero strain. After
cooling to room temperature, a negative strain was reported (below the dotted line). The second
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cycle then followed. A negative strain was registered at the room temperature after cool-down
(below the dotted line), which was approximately the same as the strain at the end of the first
thermal cycle. Hence, the thermal cycling removed the residual strains from the DOS.
3.3.2 Data Reduction for Distributed Optical Sensor
Both the laminate and the optical sensor expand or contract during temperature changes.
Furthermore, the DOS comes with a polyimide coating. As the polyimide CTE is temperature
dependent, the DOS CTE is temperature dependent as well. As schematically shown in Figure 311, there is a portion of a DOS that is not embedded in the composite but remains exposed to the
oven temperature. The portion of a DOS which remains outside the composite only experiences
thermal deformation because of the temperature change in the oven. Therefore, the DOS readings
at points A and B (Figure 3-11) are different. Because the CTE of the DOS and the laminate are
in general different, the total strain reported by the DOS has both thermal and mechanical
components. Thermal effects can be separated from the total strain acquired by the DOS using the
following equation (1):
𝜀𝐿𝑎𝑚𝑖𝑛𝑎𝑡𝑒 = 𝜀𝐷𝑂𝑆 − (𝛼𝐷𝑂𝑆 ∗ ∆𝑇)

(1)

where 𝜀𝐿𝑎𝑚𝑖𝑛𝑎𝑡𝑒 is the laminate strain, 𝜀𝐷𝑂𝑆 is the reading from the DOS, 𝛼𝐷𝑂𝑆 is the thermal
expansion of the DOS, and ∆𝑇 is the temperature change from room temperature.

Figure 3-11 The schematic of DOS inside and outside the laminate
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As previously mentioned, the temperature in the laminates lags the temperature in the oven (Figure
3-3). Therefore, the optical sensor CTE needs to be obtained so that the thermal strain can be
separated out. The DOS CTE is a combination of the glass fiber CTE and the protective coating
CTE (Figure 2-1). The CTE of the protective coating (polyimide) changes with temperatures.
Therefore, Equation (2) relates the strain to the temperature change in the DOS during the ramp:
𝜀 = 𝛼𝑔𝑙𝑎𝑠𝑠 ∙ ∆𝑇(℃)+𝛼𝑐𝑜𝑎𝑡𝑖𝑛𝑔 ( ∆𝑇) ∙ ∆𝑇(℃)

(2)

𝛼𝑔𝑙𝑎𝑠𝑠 = 7.7x10-6 /℃ and ß𝑐𝑜𝑎𝑡𝑖𝑛𝑔 = 1.7x10-8 /℃
where 𝛼𝑔𝑙𝑎𝑠𝑠 is the thermal expansion coefficient of the glass; 𝛼𝑐𝑜𝑎𝑡𝑖𝑛𝑔 (∆𝑇) is the temperature
dependent CTE of the polymer, 𝜀 is the strain, and 𝑇 is the temperature. The glass CTE and
coefficient of the polymer are calculated from backtracking the temperature and the strain reading
from the DOS.
The history of the average strain evolution during the thermal cycle is plotted in Figure 3-12 (the
blue line) along with the standard deviation. The temperature profile was input into the equation
(2) to calculate the strains to make sure that the CTE number is accurate. The calculated strain is
shown as the red line in Figure 3-12 and agrees well with the DOS response.

Figure 3-12 The thermal strain compared from the model and the experiment
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4. DISTRIBUTED OPTICAL SENSING OF CURE-INDUCED STRAINS
IN UNIDIRECTIONAL AND STRUCTURAL LAMINATES

In this chapter, the following are discussed: cure kinetic model, viscosity model, and glass
transition temperature model which were implemented to understand the epoxy behavior during
the thermal history [46]. A resin cure shrinkage model was utilized to obtained epoxy free thermal
strain. The input engineering values for the models are provided at section 3.1 and attached in the
Appendix. A homogenized micromechanics model was utilized to capture the chemical shrinkage.
The cure and residual strain monitoring results from the DOS are discussed in depth. Finally,
Classical Laminate Plate Theory (CLPT) was used to predict the residual strain.

Models for Cure kinetics, Viscosity, and Glass Transition Temperature
4.1.1 Cure Kinetics Model
The degree of cure from the cure kinetics model will be superimposed onto the DOS reading. This
aids in understand the epoxy behavior throughout the thermal history. The Cole, Hechler [47]
model and the Kamal and Sourour [48] model were combined to form the cure kinetic model, as
given in equation (3):
𝑚
d𝜉
Κ2 𝜉0 2 ∗(1−𝜉0 )𝑛2
= Κ1 𝜉0 𝑚1 ∗ (1 − 𝜉0 )𝑛1 +
1+𝑒𝑥𝑝(𝐷(𝜉0 −(𝜉𝑐0 +𝜉𝑐𝑇 )))
𝑑𝑡

(3)

where 𝜉 is the degree of conversion, t is the time, m1, m2, n1, and n2 are the first and second
exponential constants, 𝜉𝑐0 is the critical degree of cure at absolute zero, 𝜉𝑐𝑇 is the degree of cure
with increasing temperature, and D is the diffusion constant. K1 and K2 are material dependent

In addition, the Arrhenius temperature dependency:

Κ = Aexp(

−𝐸𝐴
)
𝑅𝑇

(4)
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where 𝐸𝐴 is the activation energy, A is a constant number, R is the universal gas constant, and T
is the absolute temperature.
It is assumed the degree of cure at 𝜉0 starts at 0.001. Therefore, using equation (3) with the increase
of time, thusly acquires the degree of cure with the following thermal cycle time:
𝜉 = 𝜉0 + ∆𝜉 ∗ (t − t 0 )

(5)

Figure 4-1 shows the degree of cure starting at the second temperature ramp. Kratz, Hsiao [46]
validates the model (3) at the isothermal temperature which is 120 ℃, thus provides a good capture
with the experiment data. However, after 140 ℃, this model has some deviation. Nevertheless,
this model predicts the evolution of the degree of cure due to the epoxy cross-linking mechanism
with reasonable accuracy.

Figure 4-1 Thermal history and degree of cure
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4.1.2 Viscosity Model
Modeling the viscosity of thermoset material provides insight when the DOS might be attached or
loose in the composite laminate due to the ability of the sensor to bond to a rubbery or solid matrix.
Higher viscosity means the DOS has a higher chance of attaching to the laminate while lower
viscosity means the DOS may be floating in the laminate. The Castro and Macosko [49] resin
viscosity model, as given in equation (6) was used in this work to simulate the thermoset viscosity:
𝜉𝑔𝑒𝑙 𝐴+𝐵𝜉+𝐶𝜉2
)
𝑔𝑒𝑙 −𝜉

η = η1 + η2 (𝜉

(6)

where η is the viscosity, 𝜉 is the degree of cure from equation (5), 𝜉𝑔𝑒𝑙 is the degree of cure at
gelation, A,B,C are constant numbers, and η𝑖 is the Arrhenius temperature dependency, as given
in equation (7).
𝐸ηi

η𝑖 = Aηi 𝑒𝑥𝑝( 𝑅𝑇 ) , 𝑖 = 1,2

(7)

where 𝐸ηi is the activation energy, Aηi is the pre-exponential cure rate coefficient, R is the
universal gas constant, and T is the absolute temperature.
Although the model is used for isothermal temperature evolution, it gives an idea of how the
viscosity develops at the beginning of the thermal cycle. The viscosity evolution is detailed in
Figure 4-2. Initially, the viscosity decreases once the temperature rises. The viscosity reaches a
minimum 275 minutes into the cure cycle, which is when the degree of cure begins to exponentially
increase. Thus, it can be assumed before 275 minutes into the cure cycles, the DOS do not respond
to any laminate strain because of the low resin viscosity. Once the degree of cure passes 0.55 (the
gelation point), the viscosity is assumed to be constant.
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Figure 4-2 The viscosity data with degree of cure

4.1.3 Glass Transition Temperature Model
The glass transition temperature model would aid this research for understanding the thermoset
material transformation from the DOS reading.
The glass transition temperature (Tg) model is developed by DiBenedetto [50], at equation (8):
𝑇𝑔 − 𝑇𝑔0
𝜆𝜉
=
𝑇𝑔∞ − 𝑇𝑔0 1 − (1 − 𝜆)𝜉

(8)

where, 𝑇𝑔0 is the glass transition temperature of the uncured resin, 𝑇𝑔∞ is the glass transition
temperature of cured resin, 𝜆 a is constant, and 𝜉 is the degree of cure.
Figure 4-3 presents the glass transition temperature plotted along with the time-temperature history.
Also, the glass transition temperature is plotted with the degree of cure in Figure 4-4. The glass
transition temperature increases as a function of the degree of cure. The epoxy vitrified once
passing the glass transition temperature. The resin vitrified at 329 minutes at 175.6 ℃. Although,
this formula gives a general overview of the model, a precise indication of glass transition
temperature, viscosity, or degree of cure will not be the focus of this work.
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Figure 4-3 The glass transition temperature with the thermal history

Figure 4-4 The glass transition temperature with degree of cure
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Resin Cure Model After Gelation
The resin cure shrinkage model was used to evaluate the development of strain after the resin
passes the gelation point [40]. Before the gelation point, the modulus of the matrix was considered
low and stress is relieved during the heating. Therefore, the strain is insignificant until the gelation
point is reached. During the curing process, strains are measured. The epoxy expands due to the
thermal expansion. Also, at the same time, the resin under cross-linking causes the volume to
decrease which occurs as chemical shrinkage or cure shrinkage. Here it is assumed that the
chemical shrinkage is a linear function of degree of cure. The model for chemical shrinkage (CS)
is shown in equation (9):
ε𝑐𝑠 = 𝛽𝑚 ∗ ∆𝜉

(9)

where ε𝑐𝑠 is the chemical shrinkage, 𝛽𝑚 is the epoxy chemical shrinkage coefficient (0.022), and
𝜉 is the degree of cure.

In addition, the model for the thermal expansion (10):
ε𝐶𝑇𝐸 = 𝛼𝑚 ∗ ∆𝑇

(10)

where 𝛼𝑚 is the thermal expansion coefficient of epoxy, and T is the temperature.
However, the coefficient of thermal expansion (CTE) changes before and after the glass transition
temperature, as detailed in equations (11) and (11).

𝛼𝑚 = {

(−133.56𝜉 + 174.27) ∗ 10−6 , 𝑇 ≤ 𝑇𝑔 (𝜉) 𝑎𝑛𝑑 𝜉 > 𝜉𝐺𝑒𝑙
84.6 ∗ 10−6 , 𝑇 > 𝑇𝑔 (𝜉) 𝑎𝑛𝑑 𝜉 > 𝜉𝐺𝑒𝑙

(11)
(12)

where 𝛼𝑚 is the thermal expansion coefficient of epoxy, 𝜉 is the degree of cure, 𝑇 the temperature,
and 𝑇𝑔 (𝜉) accounts for the increase in degree of cure with respect to glass transition temperature.
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Thus, the CTE of resin after gelation but below the glass transition temperature followed equation
(11) while the CTE of resin after gelation but above the glass transition temperature follows the
equation (12).
In short, the total free epoxy strain:
ε𝑟𝑒𝑠𝑖𝑛 𝑎𝑓𝑡𝑒𝑟 𝑔𝑒𝑙𝑎𝑡𝑖𝑜𝑛 = ε𝑐𝑠 + ε𝐶𝑇𝐸

(13)

Figure 4-5 shows the epoxy free strain plotted against the degree of cure, thermal cycle, and glass
transition temperature. The cure shrinkage strain was calculated after passing the gelation point at
degree of cure 0.55. As related to the free epoxy, the cure shrinkage strain is approximate 5000
με. The epoxy free strain coincides with the thermal history, showing that the strain compresses
after gelation starts and reaches approximately -16000 με after cooling down to room temperature.

Figure 4-5 The epoxy free strain after gelation with the plot of thermal history, glass transition
temperature, and degree of cure
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Cure Monitoring: Experimental and Theoretical
In this section, the results from the chemical shrinkage in the UD laminate and SL will be the focus.
4.3.1 Experimental Distributed Sensing of Cure Strains in Composite Laminate
4.3.1.1 Cure Monitoring in Unidirectional (UD) Laminate [0]20
Two selected paths A-B and C-D in the UD laminate are shown in Figure 4-6. These two
selections are strain mapped with increasing time. Also, two independent measurement point
between the two-selected regions are considered for the local variabilities (blue and green stars)
for later discussion.

Figure 4-6 Schematic of the DOS embedded in the UD Laminate
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Figure 4-7 (a) reports the distribution of the DOS axial strain along the segment A-B, shown in
Figure 4-6(a), over the entire time-temperature history. The DOS axial strain, ε, along the segment
A-B corresponds to the axial strain, ε11, of the UD laminate, as this segment of the sensor is aligned
with the laminate fiber direction. It can be observed that strain does not vary substantially along
the sensor length providing consistent measurement at all times. To further explore, an inspection
line, which corresponds to a point measurement, schematically shown as a green star in Figure 46 (a), was drawn to quantify of the strain evolution as a function of the time-temperature profile

Figure 4-7 Strain mapping at section A-B
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Figure 4-8 shows the correlation between the strain and the degree of cure, glass transition
temperature, and temperature-time history. The temperature profile was input into the cure kinetic
equation (5) and glass transition temperature equation (8) to obtain the corresponding curves. The
unidirectional laminate has a near zero CTE and high modulus in the axial direction, as these
properties are governed by the carbon fiber. Therefore, when the DOS is laid in parallel to the fiber
direction of the 0 degree plies, the axial strain reading shows very little variation. Although there
are some drops of strain at the three regions of heat ramp, this is because of the heat lag between
the material and the DOS which causes the heat insulation. After passing the gelation and
vitrification points, the strain readings remain consistent. During the cool down stage, an increase
in strain occurs which is attributed to the slightly-negative axial CTE of the carbon fiber.

Figure 4-8 Comparison of Tg, ε11, DoC, and Temperature at UD Laminate
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Figure 4- 9 represents the DOS axial strain along the segment C-D, shown in Figure 4-6, over the
entire time-temperature history. The DOS axial strain, ε, along the segment C-D corresponds to
the transverse directional strain, ε22, of the UD laminate, as this segment of the sensor is
perpendicular to the laminate fiber direction. It can be observed that strain varies substantially
during the thermal history.
To further explore, an inspection line which corresponds to a point measurement, schematically
shown as a blue star in Figure 4-6, was drawn to quantify the strain evolution as a function of the
time-temperature profile. The temperature profile was input into the cure kinetic equation (5) and
glass transition temperature equation (8).

Figure 4- 9 Strain mapping at section C-D
Figure 4- 10 shows the correlation between the UD laminate transverse strain and the degree of
cure, glass transition temperature, and temperature-time history. The thermal history consists of
seven stages and the strain evolution is analyzed in every stage. During the first and second stages
(first ramp and hold stages), the sensor reports effectively no strain, because of the low viscosity
of epoxy when the DOS is not attached to the laminate material. At the third stage (second ramp),
small increase in strain was observed because of the thermal expansion of the laminate in the
transverse direction. There are two strain spikes at stage one and at stage three. As mentioned
above, this is due to the heat lag between the laminate and the DOS. At the fourth stage (second
hold), the gel point is achieved when the degree of cure reaches 0.55, after that the epoxy starts to
cross-link. However, the DOS at this stage may not be fully attached to the laminate. Therefore,
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the strain reading does not change. At the fifth stage (final ramp), the thermal expansion of epoxy
and carbon fiber produce the increased strain which over dominates the chemical shrinkage
(compression) reported by the sensor. Moving on to the sixth stage (the final hold stage); the
temperature at this stage passes the vitrification point, and the ongoing chemical shrinkage was
captured by the DOS (DoC:0.78). Hence, at the peak temperature, the strain decreases
exponentially by approximately -2500 με. At the final stage, the stain fluctuates at the beginning
of cooling. Some articles also demonstrated the same results [27, 51]. Thus, it is assumed that the
epoxy modulus starts to build up during cooling which causes the strain to oscillate. Also, the
contact with the aluminum plate caused a CTE mismatch. This may cause the strain results to
vibrate at the beginning of the cooling. However, after reaching the room temperature, the residual
strain is consistent (approximately -5000 με).

Figure 4- 10 Comparison of Tg, ε22, DoC, and thermal history at UD Laminate
The curing shrinkage is approximately 2500 με which is revealed once getting to the peak
temperature. However, the cure-induced strain may vary on the locations shown in Figure 4- 9.
Ongoing research using stochastic/ statistical methods to determine the micromechanical approach
at the local variabilities could be conducted in the future work.
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4.3.1.2 Cure Monitoring in Structural Laminate (SL) 50/40/10 (% 0°/ % ±45°/ % 90°)
Figure 4-11 shows three selected paths (l,ll, and lll) in the Structural Laminate (SL) which is strain
mapped with increasing time. Furthermore, two selected points were also chosen from each of the
three different embedded locations ([0/45], [0/0], and [90/45] ply interfaces) which is total of six
points.

Figure 4-11 Schematic of embedment DOS into the laminates in SL
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Figure 4- 12 shows the DOS axial strain along the three selected paths ((l,ll, and lll), shown in
Figure 4-11, over the entire time-temperature history. The DOS axial strain, ε, along the three
selected paths corresponds to the axial strain, εxx, of the SL, as this segment of the sensor is parallel
to the laminate global x-direction. The strain fluctuations along the sensor length are caused by the
locally variable laminate microstructure, such as fiber volume fraction, voids, and resin pockets
(see Figure 4-26). Overall, the strain level in the SL is in the range of ~ (-300…200) με and is
low as compared to the transverse strains in a UD laminate. This is because the individual plies
with different orientations constrain each other’s deformation, from both chemical and thermal
shrinkage during the cure cycle.

Figure 4- 12 Mapping three selected path at [0/45], [0/0], and [90/45] in SL
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Figure 4-13, Figure 4-14, and Figure 4-15 shows the three inspection points (the red, green, and
blue stars in Figure 4-11) which are at the [90/45], [0/0], and [0/45] ply interfaces separately
plotted with the degree of cure, glass transition temperature, and temperature-time history. The
thermal history consists of seven stages (A~G) and the strain evolution is analyzed in every stage.
In region A, the three different configurations start with the same uniform strain. The concept is
the same as the UD laminate where the DOS is embedded parallel to the direction of the carbon
fiber.
In region B, reaching the first temperature plateau, the strain at the [90/45] and [0/0] interfaces
does not completely overlap with the [0/45] interface. This is because the epoxy viscosity
decreases which allow the resin to permeate in the carbon fibers. Hence, the DOS may shift at the
original location by the resin low viscosity. However, the [0/0] interface has lower compression
strain because the DOS contacts mostly with the carbon fiber.
In region C, all three configurations have a different strain because of the second temperature ramp.
The [0/0] interface shows constant uniform strain but the strain varies along the [0/45] and [90/45]
interfaces [23]. The DOS indicates a compressive strain which is due to the temperature gradient.
At this stage, the compressive strain not only comes from the carbon fiber’s thermal expansion,
but the expansion of epoxy.
In region D, as the temperature reaches the second isothermal plateau. The strain in the [90/45],
[0/0] and [0/45] ply interfaces shows a uniform strain. The Degree of Cure reaches 0.55 which is
the gelation point. However, the DOS at this point did not respond to any changes.
In region E, a decreasing strain at the third ramp is observed. After the compensation of heat
transfer, a dramatic drop of strain occurs. After the epoxy passes the gelation point at region D,
the epoxy continues to cross-link and shrinks. However, for now, it is hard to determine the
difference in strain at the [90/45], [0/0] and [0/45] ply interfaces at this stage is affected by either
chemical shrinkage or the heat lag. The compression strain is approximately 100 με which is
relatively low compared with the ε22 in the UD laminate.
In region F, all three locations strain uniformly decreased. The thermal cycle passes the
vitrification point. It is expected that the DOS reading may change because of the phase
transformation of the epoxy.
In region G, strain oscillates between 420 minutes to 620 minutes. This is because, during cooling,
the epoxy modulus starts to build up. After 620 minutes, at the [90/45] interface, the strain
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increases upon cooling and reaches 80 με. For the [0/0] and [0/45] ply interface, the optical sensor
is not evenly distributed at the interface with the carbon fiber and epoxy (microscopy pictures are
provided in next section), thus strain fluctuates. However, the strain at the [0/0] and [0/45] ply
interfaces converges around 0 ~-200 με after reaching 1000 minutes.

Figure 4-13 The development of strain at [90/45] with degree of cure, glass
transition temperature and temperature-time history
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Figure 4-14 The development of strain at [0/0] with degree of cure, glass transition
temperature and temperature-time history

Figure 4-15 The development of strain at [0/45] with degree of cure, glass transition
temperature and temperature-time history
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Figure 4-16 presents an average strain of the [90/45], [0/0], and [0/45] ply interfaces following the
temperature history. This reveals a different perspective of inspecting the strain results at the three
regions interfaces. The strains are marked with three identical colors. The standard deviation of
the strain results is marked with lighter colors. Hence, after the data reduction, a combination of
chemical and thermal strain remains. From temperature ramp to the peak temperature, the three
average strain results overlap closely. There is some strain variation at the first and second dwelling
temperature, but as explained previously, the DOS at this point may not be fully attached to the
laminate which cause the DOS readings to fluctuate. So far, chemical shrinkage was not
significantly observed at the SL. The DOS monitored the global strain, and due to the constraint
of the laminate, all three strains results show approximately the global axial strain.

Figure 4-16 The development of strain between [90/45], [0/0], and [0/45] with the
thermal history.
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4.3.2 Micromechanics-Based Approach for Cure Strain Analysis in UD Laminate
During the manufacturing thermal cycle, a laminate undergoes deformations caused by the cure
and thermal shrinkage of resin. To measure this shrinkage, the DOS was embedded in the UD
laminate perpendicular to the fiber direction so that epoxy accumulates around the DOS (Figure
4-6, C-D). To observe the cure-induced strains, the ∆𝜀22 strain in the UD laminate will be
considered. The analysis of the transverse strain differential, ∆𝜀22 (∆𝜉) , in a UD laminate
corresponding to the change in the degree of cure, ∆𝜉, of resin is herein discussed along with the
transverse strain differential, ∆𝜀22 (∆𝑇), resulting from the temperature change, ∆𝑇, during the
cool-down stage. Unconstrained cure and thermal shrinkage strain changes in a UD laminate are
calculated as given in equation (14)
𝛼11 ∆𝑇 − 𝛽11 ∆𝜉
∆𝜀11
∆𝜀
𝛼
{ 22 } = { 22 ∆𝑇 − 𝛽22 ∆𝜉 }
∆𝜀33
𝛼33 ∆𝑇 − 𝛽33 ∆𝜉

(14)

with 𝜀23 = 𝜀13 = 𝜀12 = 0 and where 𝛼11 , 𝛼22 , 𝛼33 are the lamina effective coefficients of thermal
expansion (CTE); 𝛽11 , 𝛽22 , 𝛽33 are the lamina effective coefficients of chemical (cure) shrinkage.

Using Schapery’s theory [52] to homogenize the CTE and chemical shrinkage coefficient, the
expression for the CTE in the longitudinal direction, 𝛼1 and the latitudinal direction of 𝛼2 , 𝑎𝑛𝑑 𝛼3
are provided in (15) and (16)
𝛼11 =

𝛼1𝑓 𝐸1𝑓 𝑓𝑓 + 𝛼𝑚 𝐸𝑚 𝑓𝑚
𝐸1𝑓 𝑓𝑓 + 𝐸𝑚 𝑓𝑚

𝛼22 = 𝛼33 = (𝛼2𝑓 + 𝑣12𝑓 𝛼1𝑓 )𝑓𝑓 + (1 + 𝑉𝑚 )𝛼𝑚 𝑓𝑚 − 𝑉12 𝛼11

(15)

(16)

where 𝛼1 is the longitudinal direction of the material, the subscript f and m are fiber and matrix;
the 𝑓𝑓 and the 𝑓𝑚 are the fiber and the matrix volume fractions; the 𝐸1𝑓 and 𝐸𝑚 are the longitudinal
direction of the fiber’s modulus and the modulus of the epoxy.
The chemical shrinkage is calculated from equation (15) and equation (18) which is expressed as
(17) in the longitudinal direction and as (18) in the perpendicular direction to the fiber:
𝛽11 =

𝛽𝑚 𝐸𝑚 𝑓𝑚
𝐸1𝑓 𝑓𝑓 + 𝐸𝑚 𝑓𝑚

(17)

51

𝛽22 = 𝛽33 = (1 + 𝑉𝑚 )𝛽𝑚 𝑓𝑚 − 𝑉12 𝛽11

(18)

where 𝛽11 𝑎𝑛𝑑 𝛽22 is the homogenized chemical shrinkage coefficient, and the 𝛽𝑚 is the epoxy
chemical shrinkage coefficient. The following properties are provided in the Appendix. In addition,
the epoxy chemical shrinkage coefficient (0.022) is in section 4.2.

The material properties are provided in section 3.1. Here, the epoxy modulus changes as a function
of temperatures (19):
𝐸𝑚 (𝑀𝑃𝑎) = −6.58 ∙ 𝑇 + 3701

(19)

where 𝐸𝑚 is the epoxy modulus, and 𝑇 is the temperature.
At the peak temperature, it is assumed that the epoxy modulus is 0.5 GPa. The epoxy modulus
increases when the temperature starts to cool down.
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Let’s consider the evolution of the strain in the axial direction and the transverse direction of UD
laminate by inputting the temperature profile and degree of cure into equation (14). Figure 4- 17
shows the micromechanics model along at the axial direction of the laminate (ε11), with the degree
of cure, glass transition temperature plotted along with the temperature history. It is assumed that
the DOS is aligned with the laminate which in the axial direction of the carbon fiber has a low
CTE. Thus, as the theoretical results provided, the strain evolution throughout the thermal history
is nearly zero.

Figure 4- 17 Comparison of Tg, ε11 (theoretical), DoC, and with thermal history
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Figure 4- 18 shows the theoretical transverse strain, ε22, of the UD laminate, with the cure kinetic
model, and glass transition model plotted along with the temperature history. The theoretical value
was calculated from equation (14) with the input values from equation (16) and (18). The
theoretical strain value was calculated when the DoC is above 0.78. As mentioned in the previous
section, the DOS reading was overshadowed by the thermal expansion in the transverse direction
of the laminate. The calculated chemical shrinkage is approximate 2700 με where the
experimental result is approximate 2500 με. During cooling, the epoxy modulus was considered
as a function of temperature, as given by equation (19), for calculating the residual strain in
equation (14). The theoretical value of residual strain follows the trend of the experimental value.
The final residual strain for the theoretical value is -4474 με and the experimental value is in the
range ~(-5200…-4800) με shown in Figure 4-19. This theoretical approach gives an idea that the
DOS’s reading is in the right magnitude.

Figure 4- 18 Comparison of Tg, ε22 (theoretical), DoC, and with thermal history
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Residual Strain Monitoring: Experimental and Theoretical
Residual strain in the UD laminate and the SL are examined in this section.
4.4.1 The Classical Laminate Plate Theory (CLPT) for Residual Strain Analysis in
Composite Laminate
Before using CLPT, the carbon fiber and the epoxy needs to homogenize to obtain the laminar
properties. In this case, for this research the self-consistent field model will be considered. The
self–consistent field relationship is a model that assumes a typical fiber which is surrounded by a
cylindrical matrix phase [52]. The composites are embedded in an infinite epoxy which is perfected
bonded. The approach tends to underestimate the composite properties as a function of Vf. It is
assumed in this research Vf: 0.6
The primary Young’s model is shown in (20):

 4( m − f )km k f Gm (1 − V f )V f
E1 = E1 f V f + EmVm + 
 (k f + Gm )km + (k f − km )GmV f





(20)

where E1 is fiber primary Young’s modulus, Em is matrix (resin) Young’s modulus, km is matrix
(resin) plane strain bulk modulus, kf is fiber plane strain bulk modulus, Gm is matrix shearing
modulus, Vf is volume fraction fiber, and Vm is the volume fraction matrix (resin)
The matrix modulus, Em is a function of the temperature change which is provided in equation (19)

The plain strain bulk modulus of an orthotropic fiber and isotropic matrix are shown in (21) and
(22):
(21)

E1 E2
2(1 − 23 ) E1 − 4 122 E2
E
km =
2(1 − ) − 4 2

kf =

(22)

The shear modulus (23):

 (G f + Gm ) + (G f − Gm )V f
G12 = G13 = Gm 
 (G f + Gm ) − (G f − Gm )V f





(23)
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where Gm is matrix (resin) shearing modulus, Gf is fiber shearing modulus, Vf is volume fraction
fiber, and Vm is 1-Vf

The transverse shearing modulus (24):

G23 =



Gm km (Gm + G f ) + 2G f Gm + km (G f − Gm )V f

k (G
m

m



+ G f ) + 2G f Gm − (km + 2Gm )(G f − Gm )V f



(24)

where km is matrix (resin) plane strain bulk modulus, kf is fiber plane strain bulk modulus, Gm is
matrix shearing modulus, Gf is fiber shearing modulus, Vf is volume fraction fiber, and Vm is 1Vf

Plain strain bulk modulus (25):

kT =

(k

f

+ Gm )km + (k f − km )GmV f

(k

f

+ Gm ) − ((k f − km )V f )

(25)

where km is matrix (resin) plane strain bulk modulus, kf is fiber plane strain bulk modulus, Gm is
matrix shearing modulus, Gf is fiber shearing modulus, Vf is volume fraction fiber, and Vm= 1-Vf

The transverse Young’s modulus (26):

E2 = E3 =

1
 1
1
 122 
+
+
 4k

 T 4G23 E1 

(26)

The transverse poisson’s ratio (27):

2 E1kT − E1E2− 4 122 kT E2
 23 =
2 E1kT

(27)

The formula for thermal expansion in the axial and transverse direction are shown in (15) and (16).

After homogenizing the material properties, the CLPT [53] are implemented to calculate the axial
and the transverse strain in the laminate.
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The procedure of calculating the composite laminate strains
1. Calculate the plane stress reduce compliance matrix in the material coordinate system Se’

𝑆𝑒 ∗

−𝜈12 ∗
𝐸1 ∗
1
𝐸2 ∗
𝜂12,2 ∗
𝐺12 ∗

1
𝐸1 ∗
−𝜈12 ∗
=
𝐸1 ∗
𝜂12,1 ∗
[ 𝐺12 ∗

𝜂12,1 ∗
𝐺12 ∗
𝜂12,2 ∗
𝐺12 ∗
1
𝐺12 ∗ ]

2. Calculate the plane stress reduce stiffness matrix in the material coordinate system Q’
(Inverse of Se’)
3. Calculate the plane stress reduce stiffness matrix in the laminate coordinate system Q
Q = 𝑅𝜎𝑒 Q’𝑅𝜎𝑒 𝑇
4. Calculate the ABD matrix
𝑛

A = ∑ 𝑄𝑖 𝑡𝑖
𝑖=1
𝑛

B = ∑ 𝑄𝑖 𝑡𝑖 𝑍̅𝑖
𝑖=1
𝑛
2
D = ∑ 𝑄𝑖 (𝑡𝑖 𝑍̅𝑖 +
𝑖=1

𝑁
𝐴
{ }=[
𝑀
𝐵
𝜀
𝐴
{ }=[
𝜅
𝐵

𝑡𝑖 3
)
12

𝐵 𝜀
]{ }
𝐷 𝜅
𝐵 −1 𝑁
] { }
𝑀
𝐷

ℎ3

which the A = Qh, B = 0, and D = 12 𝑄
A is the extension stiffness matrix, B is the extension-bending coupling stiffness matrix, and
D is the bending stiffness matrix
In this case, B=0 because it’s symmetric. There is no coupling between extension and
bending. Therefore, 𝑁 = 𝐴𝜀 and 𝑀 = 𝐷𝜅 . Thus, 𝜀 = 𝐴−1 𝑁 𝜅 = 𝐷−1 𝑀
5. Calculate the laminate strains and curvatures
For each layer strains and stresses
𝜀𝑒 = 𝜀 + 𝑥3 𝜅

57
𝜎𝑒 = 𝑄(𝜀 + 𝑥3 𝜅)
𝜎𝑒 = 𝑄(𝜀 + 𝑥3 𝜅 − 𝛼𝑒 ∆𝑇)
𝑆𝑒 ∗ = 𝑄 ∗−1 = ℎ𝐴−1
However, in this case, the thermoelastic constitutive relations need to be considered if there are
temperature changes. (In this case, MT will be zero, there are no thermomechanical moments due
to temperature changes):
𝑛

𝑁𝑇 = (∑ 𝑄𝑖 (𝛼𝑒 )𝑖 𝑡𝑖 ) ∆𝑇
𝑖=1
𝑛

𝑀𝑇 = (∑ 𝑄𝑖 (𝛼𝑒 )𝑖 𝑡𝑖 𝑍𝑖̅ ) ∆𝑇
𝑖=1

In this case, the strain should be considered as:
𝜀
𝐴
{ }=[
𝜅
𝐵

𝐵 −1 𝑁 + 𝑁𝑇
] {
}
𝑀 + 𝑀𝑇
𝐷

𝜀 = 𝐴−1 (𝑁 + 𝑁𝑇 )
𝜅 = 𝐷−1 𝑀
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4.4.2 Experimental Distributed Sensing of Residual Strain in Composite Laminate
4.4.2.1 Residual Strain Monitoring in Unidirectional (UD) Laminate [0]20
Figure 4-16 shows the DOS axial strain along the segment C-D, which is perpendicular to the fiber
direction as shown in Figure 4-6 in a UD laminate during the cool-down stage. The DOS strain
readings correspond to the laminate transverse thermal-residual strain, ε22. The strain fluctuates
substantially along the segment C-D length at a given time instance, being in the range ~(-5200…4700) με as shown in Figure 4-16. One of the sources of local strain variability along the sensor
length is the inevitable inaccuracy of sensor alignment with the lamina principal directions. An
XRD probe was used to scan the image of DOS embedded in the laminate. As Figure 4-20 shows,
the DOS is not parallel attached to the laminate. More investigation is needed to proceed on
calculating the strain at different DOS local orientations from the experimental measurements.

Figure 4-19 Residual strain at (C-D) in UD Laminate

Figure 4-20 Image of XRD scanning in UD Laminate
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As the previous section mentioned, the material properties were homogenized using the selfconsistent model with the epoxy modulus changing as a function of temperature. CLPT was then
used to calculate the laminate strain. The theoretical value was compared with the experimental
results at the arbitrary point in the axial direction and in the transverse direction. It is assumed at
the peak temperature; the thermal residual strain is zero. Thus, once cooling starts, thermal residual
strain builds up.
Along the axial direction, the theoretical value increases with the same trend in the experiment
value shown in Figure 4- 21 (the green star in Figure 4-6). The residual strain in the axial direction
contacts mostly with the carbon fiber, because of the low carbon fiber CTE, explaining the
relatively low strain. The final residual strain for the theoretical value is -149 με, and the
experimental value is 170 με. The theoretical results and experimental results diff by 100 με
~320 με along the local region of the DOS. However, this range of variance can be due to the
sensitivity of the DOS, the local region of DOS measurements, and the straightness of the DOS in
the material. On the other hand, the self-consistent model does not consider the cooling rate.
Therefore, the theoretical calculation captures the experimental results in a good magnitude.

Figure 4- 21 Residual strain, ε11, at the UD Laminate (a selected point)
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In the transverse direction (Figure 4-22), the value agrees well with the experimental value (the
blue star in Figure 4-6). Although, the experimental values have some fluctuation during the cool
down, for the same reasons due to sensitivity and the accuracy of the DOS’s measurement and the
condition of the self-consistent model. The final residual strain for the theoretical value is -4474
με and the experimental value is in the range ~(-5200…-4800) με in Figure 4-19 .

Figure 4-22 Residual strain, ε22, at the UD Laminate (a selected point)
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Figure 4-23 shows the DOS microscopy image at the cross-section. A resin pocket is formed
around the DOS at the C-D section in the UD laminate. The parallel direction of DOS is observed
in Figure 4-24 . The DOS is the thickness of a ply. As the microscopy image reveals, at the middle
section, there are fractures in the DOS and at the right corner there are epoxy accumulations around
the DOS.

DOS

Figure 4-23 The microscopy of the cross-section in UD Laminate

Fracture

Epoxy

Figure 4-24 Microscopy pictures polished at the direction of [0/0]
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4.4.2.2 Residual Strain Monitoring in Structural Laminate (SL) 50/40/10 (% 0°/ %
±45°/ % 90°)
Figure 4-25 (a) shows the DOS axial strain along regions l, ll, and lll, which are parallel to the
global laminate direction as shown in Figure 4-11 (b) in a SL during the cool-down stage. The
level of residual strain is in the range ~(10…-200) με.
Figure 4-25 (b) shows the three inspection lines of the distributed strain sensing at a chosen time
instance in three interfaces, [0/45], [0/0], and [90/45]. The distribution of DOS strain is uniform.
A symmetric and balanced laminate should theoretically have no thermal residual bending
deformation, i.e. the in-plane laminate strain is expected to be uniform throughout the laminate
thickness. The DOS in different interfaces reports somewhat different strain readings, which are
caused by the locally variable microstructure of the laminate itself and the resin pockets around
the sensor, as well as the misalignment of the DOS inside the laminate with respect to the fiber
direction.

Figure 4-25 Mapping residual strain along the path [0/45], [0/0], and [90/45] at SL
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A cross sectional view in Figure 4-26 shows the embedded sensor positioned in the [0/45], [0/0],
and [90/45] interfaces of a structural laminate. In the [0/45] interface, the contact varies at the
interface. The resin pockets are developed around the sensor, wherein the shape of a pocket and
the position of a sensor relative to the interface depend on the local stacking sequence of the
laminate. The DOS sinks into the 0-degree ply in the [0/45]-interface but stays in-between the 0degree plies in the [0/0]-interface. A large elliptical shaped resin pocket is developed around the
DOS in the [45/90] interface while the sensor itself remains in-between the adjacent plies. In the
[0/0]-interface, the DOS experiences the most contact with the fibers, thus it is expected that the
DOS provides a more constant strain signal.
Figure 4-27 shows the polished image as a continuous resin pocket accumulates around the path
of the [90/45] interface.

From the top to the bottom: sensor embedded between [0/45], [0/0], and [90/45]
Figure 4-26 The microscopy of the laminate interface

Figure 4-27 Polished in the direction of [90/45]
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The material properties were homogenized using the self-consistent model with the epoxy modulus
changes as a function of the temperature (Figure 4-28). The plies properties were then applied to
the CLPT to calculate the laminate strain. The theoretical results, ε11, are compared with the
experimental results at the three arbitrary points in the [90/45], [0/0], and [0/45] interfaces (the red,
green, and blue stars) along the cooling path. The calculated results at the peak temperature are set
as the baseline with the experimental results. The experimental values oscillate with increasing
time. The experimental values, ε11, in the interface of [0/0] and [0/45] are in the trend with the
theoretical results. However, for the [90/45] the residual strain is higher. Thus, this is because
epoxy accumulates around the DOS at the local region. This caused the strain results to be higher
than the [0/0] and [0/45].

Figure 4-28 Using CLPT (ε11) to compared with the experimental results in SL
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Figure 4-29 shows the strain results of three separate single points (the red, green, and blue x) at
the maximum curvature point in the interface of [90/45], [0/0], and [0/45]. The theoretical results
are compared with the experimental results. Unlike in the axial direction, ε11, the [90/45] interface
shows a higher residual strain than [0/0] and [0/45] interfaces, and the three values in the transverse
direction, ε22, follows the trend of the theoretical results.

Figure 4-29 Using CLPT (ε22) to compared with the experimental results in SL
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Conclusion
A novel application of using Distributed Optical Sensor (DOS) for measuring chemical and
thermal residual strain in a UD laminate and SL are explored. Strain maps along the path of the
DOS gives an understanding of the local region variabilities. The DOS reading was superimposed
with the degree of cure and glass transition temperature. The chemical strain was observed and
measured in the UD laminate while the chemical strain in the SL was constrained by the ply
orientation. Uniquely, it is also found that the DOS does not capture the cure shrinkage after
passing the gelation point in the UD laminate. A micromechanical model was implemented to
capture the experimental trend. In this experiment, after passing the gelation point (DoC 0.55), the
DOS did not respond to any strain signal. However, after the degree of cure finally reaching 0.78,
the DOS gives a drastic decrease of strain (approximate 2500 με) signifying that the cure
shrinkage is measured. Lastly, residual strain was measured by the DOS and validated with the
combination of the micromechanical model and CLPT with the epoxy modulus change as a
function of temperature. The residual strain from the theoretical results gives approximately the
same amount of strain compared to the experimental results in the UD laminate and the SL. The
DOS provides a robust and accurate data analysis. This research has contributed using the DOS
system to measure and validate the chemical strain and thermal residual strain in the UD laminate
and SL.
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5. DISTRIBUTED SENSING OF MECHANICAL STRAIN IN OPENHOLE TENSION COMPOSITE SPECIMENS

The present chapter discusses the application of a DOS to measure the tensile strain along the path
of the sensor. The DOS was attached and embedded in a notched composite laminate coupon which
was subjected to tensile test conditions. The experimental strain measurements were
complemented by the computational strain analysis by finite element simulation.

Basic Theory
The fundamental concepts in mechanics of materials [54] are stress and strain. Stress (𝜎) can be
computed as force (F) divided by the area (A), Eq. (28), which is valid when the stress is uniformly
distributed over the cross-sectional area as in a typical uniaxial tensile test. The axial force needs
to be applied on to the centroid of the cross-section area, otherwise the bending deformation is
excited.
𝜎=

𝐹
𝐴

(28)

A tensile coupon under stress changes its length. It becomes longer when in tension and shorter
when in compression. Engineering strain (𝜀 ) can be used as a measurement of deformation
calculated as elongation (∆𝐿) divided by the original length (L), Eq. (29).
𝜀=

∆𝐿
𝐿

(29)

The stress-strain relation typically has a linear portion under the elastic deformation, wherein the
elastic modulus is a measure of material stiffness, Eq. (30):
𝜎
𝐸= ,
ε

(30)

where 𝐸 is elastic (Young’s) modulus.

The most common way of measuring strain is by attaching the strain gauge to the experimental
coupon. The readings from the strain gauge are feedback from its electrical resistance change
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(Figure 5-1 (a)). The response from the material to the strain gauge is a linear portion feedback.
The grid pattern of the strain gauge is on a thin film. The thin film is later attached to the specimen.
Hence, the deformation from the material is transferred to the strain gauge as strain reading (Figure
5-1 (b)).

(a)

(b)

Figure 5-1 The strain gauge configuration
The strain transformation equations allow the recalculation of the strains in any direction from the
known measurements [54] (Figure 5-2):
𝜀𝑥 + 𝜀𝑦 𝜀𝑥 − 𝜀𝑦
𝜀𝛼 =
+
cos 2𝛼 − 𝜀𝑥𝑦 sin 2𝛼
2
2
𝜀𝑥 + 𝜀𝑦 𝜀𝑥 − 𝜀𝑦
𝜀𝛽 =
+
cos 2(𝛼 + 𝛽) − 𝜀𝑥𝑦 sin 2𝛼
2
2
𝜀𝑥 + 𝜀𝑦 𝜀𝑥 − 𝜀𝑦
𝜀𝛾 =
+
cos 2(𝛼 + 𝛽 + 𝛾) + 𝜀𝑥𝑦 sin 2(𝛼 + 𝛽 + 𝛾)
2
2

Figure 5-2 Strain gauge formula

Strain gaging provides localized (point) measurements of strain. Alternatively, full-field strain can
be acquired by using the Digital Image Correlation (DIC). Figure 5-3 (a) ~ (f) shows the DIC
analysis procedure [55]. A speckled pattern is applied on the surface of an experimental coupon.
During the deformation of a coupon under stress, the speckles undergo displacements. Analysis of
the displacement field through the loading history of an experimental coupon allows one to obtain
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the evolution of the full-field strain. A typical analysis procedure of DIC images utilizes a subset
chosen to identify the local region for strain calculation. Each of the subsets is assigned a vector
which tracks the displacement. Each of the vectors is then connected with the nearby vector to
form a triangle. The triangle is then compared with triangles from neighboring points. The noisy
data is filtered out by using a Gaussian filter to obtain the final data.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 5-3 The DIC measurement steps

Experimental Methods
After cure monitoring, the SL specimen (Specimen 2) was further used to measure the strains from
the mechanical loading introduced during the tensile test. The DOS lay-out was drawn on to a
transparent paper to pinpoint the location of the optical sensor during the layering process and
further identify its position for strain readings interpretation. Knowing the accurate location of the
DOS inside the laminate allows to correlate its local readings with the strain readings acquired
from the DIC and a strain gage.
After a laminate was cured, the specimen was trimmed 0.25 inches from the edges on the surface
grinder. Tapes were attached at the ingress/egress region of the DOS. After the process, the
specimen was carefully taken out from the surface grinder and reconnected to the interrogator to
ensure the optical sensor is functioning. Thus, any deformation caused by the surface grinder is
tared down to the baseline from the system so that does not influence the DOS readings during the
mechanical testing. The specimen is drilled after the edges are trimmed. A notch with the diameter
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of 0.25 inches was drilled in the middle of the specimen. A transparent film with the DOS lay-out
was attached to the top of the specimen during drilling, so the location of the optical sensor could
be seen. This can prevent damaging the real optical sensor and positioning the drill bit at the right
spot.
Figure 5-4 shows the schematics of a specimen having an embedded DOS with a speckled pattern
on the front face and attached strain gauge. Before mechanical testing, white paint is sprayed on
to the surface for the DIC analysis. The desired speckle pattern which is recommended by the
VIC3D is applied on the front surface. At the back of the specimen, acetone was used to clean any
dust on the surface. Sandpaper #400 was used to increase the roughness of the surface. Acetone
was again used to clean the surface. Two drops of acid-base solvent were used at the location
where the strain gauge is to be attached. After drying, another two drops of base solvent were
applied. After the surface dried up, acetone was applied again. The location where the strain gauge
needs to be attach is marked, which is at the location where the DOS is passing through. The
transparent paper showing the DOS lay-out was used again to identify the position of a gage. Then,
the back tape of the strain gauge was peeled off and a drop of catalyst was applied. Afterwards, a
few drops of glue were put and a force was applied for 2~3 minutes to hold the strain gauge on to
the specimen surface. Two strain gauges were attached to the surface. One is attached at the top of
the surface, and another is at the bottom of the surface. The two strain gauges are marked SG#5
and SG#3. The same locations where the strain gauge is attached are marked for the DOS and DIC
named as DOS#5(embedded), DOS#3(embedded), DIC#5, and DIC#3. Lastly, the remaining
optical sensor that is exposed outside of the laminate is reattached to the back surface of the
laminate using a transparent film as a guideline. They are marked as DOS#5 (surface) and DOS#3
(surface).
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Figure 5-4 The schematic of a specimen
Figure 5-5 shows a photograph of the specimen with embedded DOS, the speckle pattern for the
DIC, and the strain gauges.

(a)
Front surface- Rolled with speckle
pattern for DIC

(b)
Back surface- attached with two SG and
DOS

Figure 5-5 The front and back surface of the specimen
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Figure 5-6 shows the map of the experimental set-up for the strain data acquisition system, the
optical sensor system, and the VIC 3D system. Three sets of data processing equipment are
separately connected to the data acquisition instrument system, interrogator system, and the VIC
3D system.

Figure 5-6 The mechanical test assembly
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Figure 5-7 shows a photograph of a 22 KIP MTS 810 which was used in the experimentation. The
crosshead displacement rate was 1mm/min according to the ASTM D3039 and ASTM D5766.

(a) Front surface

(b) Back surface

Figure 5-7 Tensile and bending test setup
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Engineering Properties Validation
Figure 5-8 (a) shows the strain measurements over the same time span from the DOS, the strain
gauges (SG), and the DIC from specimen 2 at far region area (away from the notch) of the specimen.
The strain increases proportionally with time. The results reveal that SG#5, SG#3, DIC#5, and
DIC#3 agree well with the measurement from DOS#5 (embedded) and DOS#3 (embedded).
However, there is a lot of noise from the DIC results. This can be the resolution limit for the DIC
strain acquisition system. Also, it needs to be considered that the DOS is embedded in the laminate
while the SG and the DIC provide the measurements at the surface of the coupon.

Figure 5-8 The strain results from the DOS, SG, and DIC
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Figure 5-9 shows the stress-strain curve from the far-field region, wherein the effective modulus
Exx is 88.72 GPa. The far-field region was chosen to calculate the composite effective modulus to
avoid the region with strain concentration near the notch. The objective is to calibrate the laminar
constants E11. Thus, the E11 engineering property can then be used in the Classical Laminate Plate
Theory (discussed in section 4.4.1) to calculate the laminate axial strains during the mechanical
testing.

Figure 5-9 Calculation of the effective composite modulus Exx from Digital Image
Correlation (DIC) strain data
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The DOS portion on the surface of the coupon is somewhat shifted away along the coupon width
direction with respect to the position of the portion embedded within the coupon. Optical
microscopy was used to measure the relative distance between the locations of the DOS on the
surface and within the laminate. Two cross sections of the coupon were prepared for measuring
the distance. Figure 5-10 shows the schematics of the location of the polished sections, which are
marked as a-a (l) and c-c (lll). The micrographs of the two cross section are shown in Figure 5-11.
The distance between the DOS that is attached on the surface and embedded in the laminate is
approximately 1 mm (Figure 5-11). This would help to identify the location of the inspection lines
in the computational (theoretical) analysis of coupon strains. The computational analysis of strains
was performed in Abaqus to correlate the experimental results of the strain concentration near the
notch. The distance between the notch to the DOS is 4.45 mm and the thickness of the specimen
is 2.72 mm.

Figure 5-10 Location of cross-sections a-a (l) and c-c (lll) to inspect the relative
distance between the DOS portions inside the laminate and on the surface of the
laminate
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(a) a-a (l)

(b) c-c (lll)
Figure 5-11 Distance between the embedded DOS and the surface DOS
Finite Element Model Analysis of Mechanical Strains in OHT Coupon
The steps to build the finite element model to simulate an Open Hole Tensile (OHT) coupon:
1. Tension test was simulated in ABAQUS/Standard to examine the linear-elastic strain
distribution 𝜖11 (𝑥1 , 𝑥2 ) in the notched composite laminate.
2. The virtual coupon dimensions matched the experimental coupon dimensions.
3. The shell finite element with plane stress formulation was used from the standard finite element
library, which is a 4-node shell with reduced integration (S4R).
4. The mesh size was arbitrarily selected based on previous FEA experience, with mesh refined
near the notch. Figure 5-12 shows the refined mesh near the notch to capture the stress and
strain gradients. A coarser mesh was used farther from the notch where the stress and strain
are expected to be more uniform. Since computational cost wasn’t an issue for this simulation,
the selected mesh size was not adjusted, and the entire tension specimen was modeled.
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Figure 5-12 The mesh size
CLPT ws implemented to capture the mechanical response (the theory is explained in section
4.4.1). The Laminar properties are provided in Table 5-1.

Table 5-1 Laminar properties used for the FEA model
E11

150 GPa

E22

9.7 GPa

G12

5.2 GPa

G23

3.4 GPa

V12

0.34

5. The schematics of a layered shell finite element and the boundary conditions of an OHT
coupon are provided in Figure 5-13.
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Figure 5-13 Definition of the section for a layered composite shell finite element

In the physical experiment, a coupon is gripped within the MTS machine. To better reflect the
Poisson’s effects during the tension test simulation, the tabbed regions were also modeled, and
the corresponding boundary conditions were applied on them. For the simulation, the bottom
“tabbed gripped” area was constrained against all displacements and rotations, while the upper
“gripped” area was uniformly pulled with a prescribed displacement 𝑢1∗ thus causing the
specimen to develop a reaction force 𝐹(𝑢1∗ ). The reference points were created for convenience
of applying the boundary conditions and reading of the analysis results. The degrees of freedom
of “gripped” regions were tied to the degrees of freedom of the reference points. The OHT
coupon macroscopic/global/far-field stress (𝜎̅11 ) and strain (𝜖̅11) are calculated as given by Eq.
( 31):

𝜖̅11

𝑢1∗
𝐹
=
; 𝜎̅11 =
𝐿
𝑤𝑡

( 31)

where L, w, t are the coupon gage length, width and thickness, respectively.
6. Distribution of mid-plane strain 𝜖11 (𝑥1 , 𝑥2 ) corresponding to the far-field strain of 𝜖̅11 =
0.61% is shown in Figure 5-14. The discontinuity in the material causes the substantial strain
gradients near the notch. A vertical inspection lines AB and A’B’ are chosen to read out the
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strain 𝜖11 to verify the experimental measurements from distributed strain sensing.

Figure 5-14 Inspection line AB

7. The sensitivity of the strain distribution to the numerical value of lamina modulus E11 is herein
discussed. The FEA was performed for the three different values of lamina modulus, which
were 138 GPa, 150 GPa, and 157 GPa to evaluate the strain distribution near the notch. Figure
5-15 and Figure 5-16 shows the strain distributions from the simulations. This analysis is to
calibrate the ply properties for future use.

81

Figure 5-15 Inspection line AB with Modulus change

Figure 5-16 Inspection line A’B’ with Modulus change
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Analysis of Strain Gradients Near the Notch: Experimental vs Simulation
Figure 5-17 shows the local strain distribution near the notch corresponding to the far-field strain
level of 0.61%, wherein the data from the DOS is compared to the results from the FE model. The
strain distribution is normalized to the far field strain value. The DOS embedded in the laminate
and the DOS attached to the surface both captured the strain gradients near the notch. Furthermore,
two inspection lines were drawn to extract the computational strains from the Abaqus analysis
results, which are labeled as theory-AB and theory-A’B’ in Figure 5-17. The FEA results show
that moving the inspection line (theory-AB) 1 mm closer (theory-A’B’) to the notch increases the
strain concentration. The results from the experimental DOS readings match the trend of the
computational analysis results reasonably well. The computational analysis provides the
confidence that the monitoring of strain concentration near the notch by the DOS is accurate.

Figure 5-17 Strain gradient near the notch from the results of experiment and theory
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Conclusion
The DOS has proven to be a robust and precise mechanical monitoring equipment. The specimen
made for monitoring the cure strain was further used in the mechanical test to monitor the
distribution of tensile strains. The DOS can simultaneously measure local variabilities on the
surface of the specimen and inside the material. This overcomes some of the limitations of the DIC
and the strain gauge. The mechanical strain that is measured by the DOS is compared with the
strains measured by the DIC and the strain gauge. This is to verify the results obtained from the
DOS. As it is demonstrated, the far field strain of the notched sample measured by the DOS is
consistent with the results of the strain gauge and the DIC. Also, the DOS is capable of measuring
strain gradients near the notch. Microscopy was used to measure the distance between the DOS on
the surface and embedded inside the material to identify the inspection region within a
computational model for strain distribution analysis. A FE model was built to simulate the DOS
tensile loading to investigate the strain gradients near the notch. The experimental results are in
reasonable agreement with the theoretical results in the elastic zone.
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6. DISTRIBUTED SENSING OF MECHANICAL STRAIN IN FOURPOINT BENDING SPECIMENS

The present chapter discusses the application of a DOS to measure the flexural tensile and
compressive strains along the different portions of the sensor embedded in a notched composite
laminate coupon subjected to four-point bending test conditions. The flexural strains had gradients
due to the presence of the notch. The experimental strain measurements were complemented by
the computational strain analysis using the finite element method. The four-point bending test of
a notched composite coupon in a linear-elastic regime was simulated in ABAQUS/Standard. The
comparison of experimental and computational strain profiles allowed development of confidence
in the robustness of the distributed optical sensing of the flexural strains under complex
deformation mode.

Basic Theory
To simplify the analysis, the composite laminate assumed a laminated plate subjected to pure
bending. The midplane of the laminate plate is deformed under bending into a surface. The
resulting strains and stresses can be correlated to the curvature of the mid-surface [54]. The straincurvature relation reads as in equation (32):
κ=

1
𝜌

(32)

where 𝜌 is the radius of curvature, and κ is the curvature

Consider (Figure 6-1),
L = 𝜌𝜃

(33)

L = (𝜌 − 𝑦)𝜃

(34)

where 𝜃 is the angle
In addition,

where y is the distance from the neutral plane to the DOS attached location.
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The strain curvature is
𝜀𝑥 =

𝐿 − 𝐿0 (𝜌 − 𝑦)𝜃 − 𝜌𝜃
=
𝐿0
𝜌𝜃

(35)

which simplifies to:
𝜀𝑥 =

−𝑦
= −κy
𝜌

(36)

A Finite Element Model was constructed to calculate the κ (curvature) from the applied bending
deformation. Thereafter, 𝜀𝑥 strain is obtained from curvature using equation (36). Two locations
will be considered. The surface which has y-coordinate of 1.36 mm (DOS attached to the outer
surface of the laminate) and at the embedded location [90/45] with y-coordinate of -0.68 mm. The
theoretical results are compared to the experimental results on the surface and inside the material.

Figure 6-1 Bending diagram

The flexural modulus of the laminate can be calculated from the experimental data according to
ASTM D6272. The expression for flexural modulus is given by equation (39), wherein the stress
is calculated by equation (37) from the load cell force and the strain (38) from the DOS.

Flexural stress (σf ):
σ=

3𝑃𝐿
4𝑏ℎ2

(37)

6ℎ𝑦
𝐿2

(38)

Flexural strain (εf ):
𝜀 =
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Flexural modulus:
E=

8𝐿3 𝑃
64𝑏ℎ3 𝑦

(39)

where
y is the maximum deflection (m), h is the cross section height, or coupon thickness(m), ε is strain,
P is force (N), L is length (m), b is width (m), E is elastic modulus

Experimental Methods
The laminated coupon with an embedded DOS, which was previously used in the tensile test (as
discussed in Chapter 5), was further used in the four-point bending test. The four-point bending
test was performed at the crosshead displacement rate of 1mm/min according to the ASTM D790.
The four-point bending fixturing with a specimen is shown in Figure 6-2. The loading during the
test was kept to maintain the linear-elastic deformation of the coupon material.

Figure 6-2 Four-point bending setup
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The parameters for the four-point bending (Quarter point loading) are provided in Figure 6-3:

Parameter
l1
l2
H
B

Value (inch)
9.1
5.01
0.106
1.5

Figure 6-3 Four-point bending parameters

Finite Element Analysis of Mechanical Strains in an OHB Coupon
The steps to build the finite element model to simulate an Open Hole Bending (OHB) coupon:
1. The finite element model was developed in the commercial package ABAQUS/Standard to
investigate the bending deformation of a composite laminate coupon containing a notch and
the gradients in the axial strains.
2. The material properties used in the bending test simulation are given in Table 5-1.
3. The composite laminate coupon was meshed as shown in Figure 5-12. The shell-elements are
appropriate for structural analysis as the thickness dimension of the coupon is much smaller
than the other two dimensions. Thus, plane stress is imposed, allowing the reduced number of
degrees of freedom, and decrease of the computational time.
4. The boundary conditions of the FE model of the coupon are shown in Figure 6-4, which
idealize the physical support conditions of a coupon in the four-point bending test. The nodes
along the first support line (Pin) are fixed against all displacements (u1=u2=u3=0) and the nodes
along the second support line (Roller) are fixed against the displacement u2 and u3, while all
rotations are allowed. The loading on the virtual coupon is modeled by applying the distributed
load on the nodes along the lines corresponding to the location of loading rollers in the physical
test (black arrow). The intensity of the applied distributed load was 1.995 N/mm.
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Figure 6-4 The boundary conditions for the four-point bending geometry

5. The FEA provided the midplane strains and curvatures of the composite coupon. The strain
distribution 𝜖𝑥 (𝑥, 𝑦 = 𝑐𝑜𝑛𝑠𝑡)along the inspection lines corresponding to the location of a
physical DOS was obtained from the known midplane curvatures (κ) and location of the
inspection lines (y=const), as given by equation (36).
6. The DOS reading from the surface of the coupon and in the laminate are compared with the
theoretical results.
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Flexural Modulus Validation
Figure 6-5 shows the strain results from the DOS obtained in the four-point bending test. Segment
A-B and segment C-D show the compressive strain; segment E-F and segment G-H show the
tensile strain. The DOS was able to measure the strain concentration near the notch without
breaking the DOS. The strain at the surface (E-F or H-G) is two times higher than the DOS
embedded inside (A-B or D-C), which makes sense due to the lay-out of the DOS. The segments
E-F or H-G are located further away from the coupon midplane (have a greater y-coordinate) than
the segments E-F or H-G, therefore they experience more flexural strain, see Eq. (35). As the result
shows, the maximum strain at the tension side is 1046.836 με, and the compression side is the 489.304 με at the applied distributed load 1.995 N/mm.

Figure 6-5 DOS overall results during four-point bending
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Equation (39) was used to calculate the flexural modulus. The strain is taken from the far region
of the specimen. This is to avoid the strain concentration near the notch. The stress is obtained by
dividing the load cell divided by the cross-sectional area of the specimen. The flexural modulus is
92.89 GPa which is close to the tensile modulus 88.72 GPa (Figure 6-6).

Figure 6-6 Flexural modulus (Surface strain at the far region)
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Analysis of Strain Gradients Near the Notch: Experimental vs Simulation
Figure 6-7 shows the strain results from the DOS obtained in the four-point bending test on the
tension side (A-B). Theoretical results are presented along with the experimental measurements.
The nearly constant flexural strain spikes up near the notch. The strain distribution shown in Figure
6-5 was normalized by the uniform strain corresponding to pure bending away from the notch. The
theoretical results are provided for the inspection lines AB and A’B’, which are 1 mm away from
one another (as measured by the optical microscopy in the preceding chapter). In conclusion, the
DOS results match closely with the theoretical results near the notch.

Note: A’B’ is 1 mm closer to notch than AB

Figure 6-7 Flexural strain distribution on the tension side
(DOS attached on the laminate surface)
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The DOS segment embedded inside the laminate above the midplane undergoes compression when
the laminate is bent into a convex shape. The compressive flexural strain distribution from the
DOS obtained in the four-point bending test is shown in Figure 6-8. The strain data along the
segment A-B is taken from the DOS to compare it with the theoretical results. The strain
distribution is normalized with the same process that was done on the tension side. There is some
deviation along the inspection line from the experimental results. This is because small forces were
applied to do the bending test to observe the DOS sensitivity. In the future, a higher load can be
applied so that more complex strain field can be inspected. For now, we conclude that the DOS
was able to capture the compression strain during the bending test sufficiently well.

Note: A’B’ is 1 mm closer to notch than AB

Figure 6-8 Flexural strain distribution on the compression side
(DOS embedded inside the laminate)
Conclusion
The four-point bending test is conducted for measuring the tension and compression strains during
the elastic deformation of the coupon. Unlike the DIC and the strain gauging which have some
measurement limitations because of the material geometry, the DOS gives accurate and precise
strain measurements at the locations where it is embedded. The FEA model was built to verify the
experimental measurements of strain near the notch. The DOS results match closely with the FEA
results.
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7. SUMMARY

An application of a Distributed Optical Sensor (DOS) integrated within the composite material is
explored. The DOS unlike traditional Fiber Bragg Grating (FBG) sensor responds to strain along
its entire length. The present research places contribution on a continuous monitoring of strain in
the composite laminate starting from the curing process and during the foregoing mechanical
testing. Several novel steps were proposed for material preparation with embedded DOS. Preconditioning and appropriate data reduction were found to be necessary to deplete noise and
exclude side effects. It was found that these steps and procedures significantly increased the
accuracy of strain monitoring and protected the DOS integrity. UD laminate and SL were
manufactured with embedded DOS.
The cure kinetics, viscosity and glass transition temperature models of the composite material were
used to support the analysis and enhance the interpretation of the strain monitoring results from
DOS. This provides stronger evidence of the matrix transformation and corresponding composite
behavior through the stages of the cure process. The time-temperature profile of the thermal cycle
was input into a model describing the free epoxy curing to calculate the cure-induced strains of the
UD laminate using the micromechanics approach. It was observed that the chemical shrinkage
from the experimental data in the UD laminate was not fully captured. The DOS responded when
the degree of cure (DoC) reached 0.78 (cure shrinkage starts at 0.55 DoC). However, the overall
experimental results agree well with the calculated data. The chemical shrinkage was not
monitored successfully in the SL. This is because the chemical shrinkage strain in a SL was very
small because of the constrained deformation of the individual plies. The confinement of each ply
deformation has overshadowed the chemical shrinkage. The segments of the DOS which were
embedded between the [90/45], [0/0], and [0/45] plies reported the same strain magnitude. It is
concluded that the DOS gives global strain measurements rather than the local strain measurements.
Nonetheless, it also depends on the microstructural characteristics of the local regions, which
impact the overall results of the DOS readings. The residual strains were measured in the UD
laminate and SL. Classical Laminate Plate Theory (CLPT) was used to calculate the theoretical
thermal residual strain, which was further compared to the experimental results. The simulation
data agreed well with the experimental data.

94
The mechanical testing was performed after the composite laminate coupon was fully cured. A
notch was introduced in the laminate which cause the strain gradients around it during the
mechanical testing. This was done to investigate the ability of a DOS to measure the strain
gradients in the presence of a geometrical strain concentration (a notch). Two types of mechanical
tests were conducted on a notched composite coupon with embedded DOS, namely a tensile test
and a four-point bending test. In a tensile test, the laminate axial strain is uniform through the
coupon thickness, therefore the segments of the DOS attached on the coupon surface and
embedded inside the laminate gave the similar strain readings. In a four-point bending test, the
segments of the DOS embedded inside the laminate and attached on the coupon surface report the
flexural strains of opposite signs (meaning, tension and compression). The DOS monitored strain
in the far field region (away from the notch) during the tensile test was compared to the DIC and
strain gage measurements to build confidence in the accuracy of the DOS readings. The DOS
measured strain gradients near the notch were compared with the finite element (FE) model results
for both tension and bending tests. The experimental results match closely with the FE model
results.
Distributed Optical Sensor (DOS) is an effective tool to monitor composite manufacturing process
and capture the cure-induced strain and mechanical strain within the part. Hence, this opens
composites manufacturing to press the bounds of design further to deliver the next generation of
sophisticated, integrated parts to meet the needs of light-weighting and advanced structural
supports.
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APPENDIX A.

Layup process:
1. Clean the aluminum plate using acetone.
2. Layer the peel-ply
3. Place the prepreg according to the experimental configuration
4. Place an adhesive strip around the prepreg stack. The purpose is to form a vacuum seal.
5. Place a peel ply on the top of the laminate
6. Place a silicon rubber to allow the surface to be flat
7. Place the bleeder sheets over the laminate and connect to the vacuum hose path
8. Place the nylon bagging film oven the entire plate and seal it with the adhesive strip
9. Place the plate in the oven and attach the vacuum line.
10. Carefully handle the optical sensor travel path of the vacuum hole, so it can be linked with
the interrogator.
11. Turn on the vacuum pump and check for leaks. Maintain the vacuum pressure for 30 minutes
to make sure no leaks occur.
12. Close the oven door and proceed to the thermal history.
13. The oven power is turn off once dwelling at the peak temperature for 2 hours. However, the
vacuum pressure is still on.
14. The plate is taken out of the oven once it’s fully reached the room temperature.
15. The laminate is carefully removed from the aluminum plate without damaging the optical
sensor.
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The cross-section of layup
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APPENDIX B.

Cure kinetic model

Viscosity model

Material
constants

value

Material
constants

value

𝐴1 (𝑆 −1 )

2.54x104

𝐴𝜇1 (𝑃𝑎 ∙ 𝑠)

8x10-13

𝐸𝐴1 (J/mol)

60,628

𝐸𝜇1 (J/mol)

93.931

𝑚1

0.55

𝐴2 (𝑃𝑎 ∙ 𝑠)

2.9x10-11

𝑛1

21.11

𝐸𝐴2 (J/mol)

83.4

𝐴2 (𝑆 −1 )

4.84x104

𝜉𝑔𝑒𝑙

0.48

𝐸𝐴2 (J/mol)

61,752

A

3.2

𝑚2

0.8

B

12.7

𝑛2

1.18

B

-29.6

D

44.3

𝜉𝑐0

-1.4

𝜉𝑐𝑇 (𝐾 −1 )

5.33x10-3

Glass transition temperature model
Material
constants

value

𝑇𝑔0 (℃)

-8.4

𝑇𝑔∞ (℃)

212

𝜆

0.66
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